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OBJECTIVE An analysis of factors contributing to durable radiographic control of spinal metastases was undertaken,
drawing from a large single-institution database in an attempt to elucidate indications and dose requirements for suc-
cessful treatment.

METHODS All patients treated at a single institution with stereotactic radiosurgery (SRS) of the spine as first-line ther-
apy were assessed for local progression of the treated site, defined as radiographic enlargement of the treated tumor
and/or biopsy-proven evidence of active tumor cells. All patients were followed with CT, PET, or MR imaging every 3—-6
months until death. Treatment decisions were made by a multidisciplinary team of radiation oncologists, neurosurgeons,
and neuroradiologists. Target volumes were defined according to the international consensus guidelines and were re-
viewed in a multidisciplinary conference. Image-guided techniques and intensity modulation were used for every case.
The tumor’s histological type, gross tumor volume (GTV), dose that covers 95% of the GTV (GTV D95), percentage of
GTV covered by 95% of the prescribed dose (GTV V95), planning target volume (PTV), dose that covers 95% of the
PTV (PTV D95), and percentage of PTV covered by 95% of the prescribed dose (PTV V95) were analyzed for signifi-
cance in relation to local control, based on time to local progression.

RESULTS A total of 811 lesions were treated in 657 patients between 2003 and 2015 at a single institution. The mean
follow-up and overall survival for the entire cohort was 26.9 months (range 2—141 months). A total of 28 lesions pro-
gressed and the mean time to failure was 26 months (range 9.7-57 months). The median prescribed dose was 2400 cGy
(range 1600-2600 cGy). Both GTV D95 and PTV D95 were highly significantly associated with local failure in univariate
analysis, but GTV and PTV and histological type did not reach statistical significance. The median GTV D95 for the co-
hort equal to or above the GTV D95 1830 cGy cut point (high dose) was 2356 cGy, and it was 1709 cGy for the cohort of
patients who received less than 1830 cGy (low dose). In terms of PTV D95, the median dose for those equal to or above
the cut point of 1740 cGy (high dose) was 2233 cGy, versus 1644 cGy for those lesions below the PTV D95 cut point of
1740 cGy (low dose).

CONCLUSIONS High-dose single-session SRS provides durable long-term control, regardless of the histological find-
ings or tumor size. In this analysis, the only significant factors predictive of local control were related to the actual dose of
radiation given. Although the target volumes were well treated with the intended dose, those lesions irradiated to higher
doses (median GTV D95 2356 cGy, minimum 1830 cGy) had a significantly higher probability of durable local control
than those treated with lower doses (median PTV D95 2232 cGy, minimum of 1740 cGy) (p < 0.001). Patients in the
high-dose cohort had a 2% cumulative rate of local failure. Histological findings were not associated with local failure,
suggesting that radioresistant histological types benefit in particular from radiosurgery. For patients with a favorable
prognosis, a higher dose of SRS is important for long-term outcomes.
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ABBREVIATIONS CIF = cumulative incidence of local failure; CTV = clinical target volume; GTV = gross tumor volume; GTV D95 = dose that covers 95% of the GTV; GTV
V95 = percentage of GTV covered by 95% of the prescribed dose; PTV = planning target volume; PTV D95 = dose that covers 95% of the PTV; PTV V95 = percentage of
PTV covered by 95% of the prescribed dose; SRS = stereotactic radiosurgery.
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guidance is used to deliver a single high dose of

radiation to spine tumors is rapidly gaining accep-
tance’? as an effective modality to manage this vexing
and common oncological problem. However, the impor-
tance of the actual dose of radiation given, as well as the
impact of tumor histological type on long-term outcomes
after spine radiosurgery, is still a matter of debate. A
wide range of doses has been reported for SRS, and the
doses vary according to institutional prescribing practic-
es, which makes interpretation of the literature difficult.
Tumor histological type is recognized as an important
factor in expected outcomes for conventional palliative
radiotherapy for spinal metastases, but is thought to be
less important in the case of high-dose SRS. This histolo-
gy-independent response may be due to unique radiobio-
logical mechanisms of action.? The NOMS (neurological,
oncological, mechanical, and systemic) framework'* and
similar paradigms have been put forward to define the role
of spine radiosurgery in the management of spinal metas-
tases, using tumor histological findings and the ability to
deliver a sufficient dose to the tumor as key points in the
decision-making process. A detailed analysis of a large
single-institution experience of SRS of the spine incorpo-
rating histological type, tumor size, and dose parameters
was undertaken to assess the impact of key factors associ-
ated with durable tumor control with radiosurgery.

STEREOTACTIC radiosurgery (SRS) in which image

Methods

Between 2003 and 2015, a consecutive series of 811 solid
spine tumors in 657 patients were treated with high-dose,
single-session spine radiosurgery at a single institution.
No patient had either previously received radiation thera-
py or undergone prior spine surgery at the site of interest.
All lesions were assessed by a multidisciplinary team that
consisted of radiation oncologists, neurosurgeons, and neu-
roradiologists. Every tumor histological type was patho-
logically confirmed with institutional review. All tumors
were treated with the aid of image guidance, and treatment
plans were developed with intensity-modulated techniques.
Every patient was followed with cross-sectional imag-
ing (predominantly MRI) and follow-up visits every 3—6
months, and 19 patients have been lost to follow-up. Lo-
cal failure was defined as enlargement of the treated tumor
on imaging studies or positive pathological findings after
treatment (biopsy or surgical). All follow-up images were
reviewed by neuroradiologists.

Unless it was contraindicated, all patients underwent
CT myelography to define the spinal cord and cauda
equina at the time of simulation; MRI fusion was used
in the remaining few cases. The clinical target volume
(CTV) and gross tumor volume (GTV) were drawn con-
sistent with the International Consensus Guidelines* and
underwent multidisciplinary review. The planning target
volume (PTV) was constructed with a 2- to 3-mm mar-
gin around the CTV. However, the CTV and PTV con-
tours were never allowed to transgress the spinal cord
or cauda equina contour. After a dose escalation experi-
ence between 2003 and 2004 (from 1600 cGy initially to
2400 cGy currently), the predominant prescription dose
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TABLE 1. Tumor characteristics in 811 lesions treated between
2003 and 2015

Total No.ofLocal  Crude

Characteristic No.  Failures  Failure (%)
Treated levels
Cervical 85 4 5
Thoracic 391 13 3
Lumbar 258 7 3
Sacrum 77 4 5
Histological findings
Radiosensitive
Breast 32 1 3
Cervical 10 0 0
Prostate 91 5 6
Uterine 13 1 8
Total 146 7 5
Radioresistant
Renal cell carcinoma 170 5 1
Sarcoma 113 3 3
Thyroid cancer 54 2 4
Chordoma 32 3 9
Colorectal 7 1 1
Esophageal 25 1 4
Hepatobiliary 27 0 0
Adenoid cystic head & neck 17 1 6
Non-small cell lung carcinoma 102 1 1
Melanoma 48 3 6
Nonseminomatous 6 1 17
Total 665 21 3
All 811 28 3

has been 2400 cGy. The spinal cord was constrained to a
maximum dose of 1200-1400 cGy, and the cauda equina
was constrained to 1600-1800 cGy. Inverse treatment
planning algorithms were used to create highly confor-
mal dose distributions, and doses were prescribed to the
isodose line that provided optimal target coverage and
then normalized to 100%. Patients were treated after be-
ing placed supine in custom immobilization, which con-
sists of molded alpha cradles with lateral support paddles,
with the addition of a customized mask for lesions at T-5
and above, as has been previously described.” All patients
were treated on LINAC-based systems, initially with im-
planted fiducials and electronic portal imaging, or cone-
beam CT-based image guidance (since 2005).

Survival times and time to local failure were calculated
from the date of treatment. Tumor histological type, GTV,
the dose that covers 95% of the GTV (GTV D95), the per-
centage of GTV covered by 95% of the prescribed dose
(GTV V95), PTV, the dose that covers 95% of the PTV
(PTV D95), and the percentage of PTV covered by 95%
of the prescribed dose (PTV V95) were included in the
analysis.

The primary end point for the analysis was time to lo-
cal failure. Death without recurrence was regarded as a
competing risk. The Fine-Gray competing risks model®
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FIG. 1. Upper: Local control for GTV D95 cut point of 1830 cGy. The high-dose cohort median dose is 2356 cGy, and the low-
dose cohort median dose is 1709 cGy. Lower: Chart showing the CIF.

was used for deriving the hazard ratio, and the Gray test
was used for comparing cumulative incidence functions.?
Dose, tumor size (GTV), PTV, GTV V95, and PTV V95
values were analyzed as continuous variables. An optimal
cut point for GTV D95 and PTV D95 values was deter-
mined based on time to local failure and was identified
as the dose at which the smallest p value was determined
for those who did and did not experience local failure. Pa-
tients with lesions treated with a dose above the cut point
were designated as the high-dose cohort, and those given
less than the cut-point dose were designated as the low-
dose cohort.

Results

The mean overall survival for the entire cohort was
26.9 months (range 2—141 months). The mean prescribed
dose was 2400 cGy (range 1600-2600 cGy). The medi-
an GTV, GTV D95, and GTV V95 were 13.4 cm? (range
0.13-642 cm?), 2320 cGy (range 1334-2850 cGy), and
98% (range 69%—-100%), respectively. The median PTV,
PTV D95, and PTV V95 were found to be 65.9 cm? (range
4-904 cm?), 2205 cGy (range 1414-2864 cGy), and 94.8%
(range 80%—-100%), respectively. The most common histo-
logical types were renal cell carcinoma (n = 170), sarcoma
(n = 113), non—small cell lung carcinoma (n = 102), pros-

tate cancer (n = 91), and colorectal cancer (n = 71). Tumor
characteristics are summarized in Table 1.

A total of 28 lesions have progressed. The mean time to
failure was 26 months (range 9.7-57 months). There was
no significant difference in the GTV (median 38 cm? vs 26
cm?) and PTV (median 73 cm? vs 65 cm?) for lesions that
achieved local control and those that did not. The GTV
V95 (median 95% vs 98%) and PTV V95 (median 93%
vs 95%) were similar for patients who experienced local
failure or whose lesion remained controlled, which sug-
gests that patients had equal dose coverage of the GTV
and PTV relative to the intended dose and equally high-
quality treatment plans regardless of whether the treat-
ment ultimately failed or succeeded.

However, absolute dose parameters demonstrated sig-
nificant differences between controlled and uncontrolled
cases. We examined the 10th-90th percentile of GTV
D95 and PTV D95. The optimal dose cutoff in terms of
time to local failure was found to be 1830 cGy for GTV
D95 and 1740 cGy for PTV D95 (Figs. 1 and 2), which
after adjustment for multiple testing still yielded a highly
significant result based on the maximal chi-square method
(p < 0.001). When defined by these dose cut points, the
high-dose GTV and PTV D95 cohorts had a 2.5% and
2.3% overall crude rate of local progression, respectively,
and the low-dose GTV and PTV D95 cohorts experienced
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FIG. 2. Upper: Local control for PTV D95 cut point of 1740 cGy. The high-dose cohort median dose is 2240 cGy, and the low-dose

cohort median dose is 1644 cGy. Lower: Chart showing the CIF.

a 14.5% and 25% overall crude rate of progression, respec-
tively. Analyzed with these cut points, the median GTV
D95 for the high-dose cohort was 2356 cGy, and it was
1709 cGy for the low-dose group. The median PTV D95
values for the high- and low-dose cohorts were 2240 cGy
and 1644 cGy, respectively (Table 2).

The cumulative incidence of local failure (CIF) for the
entire group was 3.1% at 48 months. When analyzed by
the absolute dose given, the CIF for the high-dose GTV
D95 and PTV D95 cohorts at 48 months was found to be
2.1% (Fig. 1). The low-dose GTV D95 and PTV D95 co-
horts demonstrated a significantly worse rate of 14% and
20% CIF, respectively, at the same 48-month time point (p
<0.001) (Fig. 2).

Histologically, local control varied from 80% (breast
cancer with one local failure at 57 months) to 100% (cer-
vical cancer and hepatobiliary cancer). The outcomes by
histological type are summarized in Table 1. Both GTV
D95 and PTV D95 were highly significantly associated
with local failure in univariate analysis (p < 0.001), but tu-
mor histological type and GTV and PTV or GTV and PTV
V95 values had no significant impact on the rate of local
failure (Table 3).

In this series, 2 cases of myelopathy were observed out
of 476 (0.42%) cervical and thoracic levels treated. Both
cases were observed in the absence of documented tu-
mor progression. In each case, the maximum spinal cord
dose did not exceed 1400 cGy. According to the Radiation
Therapy Oncology Group/European Organization for Re-
search and Treatment of Cancer (RTOG/EORTC) late ra-
diation morbidity scoring system for the spinal cord, both
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sustained Grade 3 toxicity, defined as objective neurologi-
cal findings at or below the cord level treated.?*

Discussion

This analysis was performed in every patient treated at
a single institution whose records were obtained from a
prospectively maintained database. During the entire peri-
od covered by this report, the same core multidisciplinary
team, treatment philosophy, and relatively uniform treat-
ment techniques and radiation doses were involved with
each treatment. Therefore, there has been relatively little
variation in how patients in this database were initially as-
sessed, selected, treated, and then re-assessed in follow-up.

Because interinstitutional prescribing practices may
vary (for example, 1800 cGy prescribed to the 80% iso-
dose line will produce very similar D95 values to 2400
cGy prescribed to 100%), this analysis was performed on
not just the prescribed dose but on the actual absolute dose.
This study demonstrates the importance of adequate de-
livery of the absolute dose to the GTV (D95 median 2352
cGy, 1830 cGy minimum) and PTV (D95 median 2232
cGy, 1740 ¢Gy minimum) to achieve durable tumor control
with a 2% risk of local failure. When this can be achieved,
other characteristics such as tumor histological type and
size are no longer significant factors for durable local con-
trol of spinal metastases. At our institution, these doses are
achieved when 2400 cGy is prescribed to the normalized
100% isodose line. Also, our experience has demonstrated
that the requisite high doses needed for excellent tumor
control are achievable in almost all cases.
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TABLE 2. Dosimetric parameters summary (median values)

PTV D95

GTV D95

PTV D95

GTV D95

Locally Controlled High Dose High Dose Local Failure Low Dose Low Dose

Entire Cohort

Parameter

40
10 (25%)

62

9 (14.5%)
11 (1-326)

749 771 28
19 (2.5%) 18 (2.3%)
1709 (1330-1830)

783

811

28 (3.5%)

No. of lesions

No. of local failures (crude %)

GTVincm?

14 (1-326)
1856 (1334-2688)

26 (2-147)
2029 (1334-2497)

12.9 (1-642) 14 (1-642) 13 (1-642)
2356 (1834-2585) 2346 (1457-2858)

2333 (1339-2858)

13.4 (0.1-642)
2320 (1334-2850)

GTV D95 in cGy
GTVV95in %
PTVincm?

94.5 (56-100)
52 (8-503)
1644 (1142-1734)

83 (46-100)
28 (4-503)

94.8 (56-100)
1709 (1386-2167)

98 (46-100)
66 (4-904)

2240 (1742-2858)

99 (69-100)
66 (5-904)
2356 (1142-2864)

98 (46-100)

98 (69-100)

72.3 (12.7-1736)
1930 (1416-2424)

65.9 (4-904)
2220 (1142-2864)

65.9 (4-904)
2205 (1414-2864)

PTV D95 in cGy
PTVV95in %

90 (80-100)

91.6 (80-100) 89 (80-100)

94.9 (80-100) 95 (80-100) 95 (82-100)

94.8 (80-100)
Except in the first and second rows, the values in parentheses represent the range. Numbers in boldface type represent the median values.

The impact of high-dose SRS on local tumor control

TABLE 3. Univariate analysis for local control

Factor Hazard Ratio p Value
PTV (continuous, divided by 100) 1.14 0.25
GTV (continuous, divided by 100) 1.30 0.06
PTV D95 (continuous, Gy) 0.70 <0.001
GTV D95 (continuous, Gy) 0.77 <0.001
PTV V95 (continuous) 0.96 <0.25
GTV V95 (continuous) 0.97 013
Histological findings (radiosensitive 144 0.40

vs radioresistant)

Although others have reported excellent outcomes with
spine radiosurgery for traditionally radioresistant histo-
logical types such as renal cell carcinoma,’?® sarcoma,’
and melanoma,'” little detailed dosimetric information,
apart from the prescribed dose, has been analyzed in con-
junction with histological findings in assessing local con-
trol. The most unique feature of spine radiosurgery is the
ability to deliver an ablative dose of radiation to the tumor
in a single fraction—hence, details concerning the actual
dose, rather than the intended dose, and its relationship to
durable tumor control are important to note. The dose of
radiation is associated with antitumor cell effects such as
DNA double-strand breaks, but may also reflect synergis-
tic mechanisms of action unique to high-dose-per-fraction
treatment, such as tumor vascular endothelial damage,®?!
and possibly immunological effects in the presence of
immune-modulating drug therapy.?®* These cytotoxic
mechanisms have been demonstrated and described both
preclinically and clinically.

Tumor histological type was not found to be associ-
ated with the probability of local failure, a finding that is
in stark contrast to reported outcomes with conventionally
fractionated palliative spine radiotherapy,'' where metasta-
ses from radioresistant histological types do significantly
worse than more radiosensitive histological types such as
breast cancer and prostate cancer.’*'%!” Therefore, SRS
should be considered in particular for resistant histologi-
cal types, because the outcomes for spine radiosurgery are
equally good, regardless of histological phenotype, when a
sufficient dose is delivered.

Durability of response is also a unique aspect of spine
radiosurgery when compared with conventionally frac-
tionated, palliative spine radiotherapy. Large retrospective
analyses of spinal metastases suggest that for unfavorable
histological types the rate of relapse approaches 80% with-
in 2 years,*!” and the rate of failure continues to increase
with longer follow-up. A small randomized trial of surgi-
cal decompression for spinal cord compression followed
by conventional palliative radiation therapy reported that
only 25% of patients remained ambulatory at 1 year post-
treatment, and less than 10% remained ambulatory after
2 years.” Randomized trials of different conventional
fractionation schedules for treating bone metastases, the
majority of which were spine, have reported acceptable
outcomes at 3—4 months; however, longer follow-up at 1
year demonstrates that the rates of palliative failure essen-
tially double.?*?® Given the extended survival of patients
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with spinal metastases resulting from increasingly effec-
tive systemic agents, a 3- to 4-month outcome is no longer
clinically relevant. Patients need a more durable treatment
for the optimal management of spinal metastases. The
outcomes of this report, with the longest follow-up now
extending beyond 10 years, suggest that high-dose, single-
fraction spine radiosurgery is capable of providing durable
tumor control, with a better than 20% risk of local relapse
at lower doses and a 2% risk of progression at a higher dose
out to 4 years. This response is independent of histological
type, which is consistent with the literature.!!8

A detailed analysis of toxicity is beyond the scope of
this study, but we have reported extensively on the risks
of vertebral body fracture,”? esophageal complications,’
and neuropathy.?’ Although symptomatic fractures are the
most common event (12% require interventions)'® and are
easily palliated, severe neuropathy and esophageal com-
plications are also possible, but fortunately are very rare.
Regarding a maximal spinal cord dose constraint of 1400
cGy, an acceptably low rate (0.42%) of myelopathy was
found in the current study.

Conclusions

A detailed dosimetric analysis of the largest reported
single-institution experience of spine radiosurgery has
demonstrated that this is an effective treatment for solid
tumors that are metastatic to the spine. Durable local con-
trol has been achieved regardless of tumor phenotype or
size when doses are in the range of a GTV D95 of 2395
c¢Gy and PTV D95 of 2232 cGy, resulting in a CIF of
only 2.1% at 48 months. In particular, spine radiosurgery
should be considered for patients with a good prognosis in
whom long-term local control is required for radioresistant
disease.
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